We isolated a new flavivirus from Aedes albopictus mosquito and a related species in Japan. The virus, designated Aedes flavivirus (AEFV), only replicated in a mosquito cell line and produced a mild cytopathic effect. The AEFV genome was positive-sense, single-stranded RNA, 11,064 nucleotides in length and contained a single open reading frame encoding a polyprotein of 3341 amino acids with 5′ and 3′ untranslated regions (UTRs) of 96 and 945 nucleotides, respectively. Genetic and phylogenetic analyses classified AEFV with the insect flavivirus, but distinct from Cell fusing agent (CFA), Kamiti river virus and Culex flavivirus. Interestingly, a partial sequence of AEFV showed significant similarity to that of Cell silent agent (CSA), the insect flavivirus-related nucleotide sequence integrated in the genome of A. albopictus. These results suggest that AEFV is a new member of the insect flaviviruses, which are intimately associated with Aedes mosquitoes and may share a common origin with CSA.
Introduction
Flaviviruses are members of the genus Flavivirus in the family Flaviviridae, many of which have been recognized as important human pathogens causing haemorrhagic fever and encephalitis. Generally, flaviviruses comprise two groups of arthropod-borne viruses, the mosquito-borne and tick-borne viruses, and a group of vertebrate viruses with no known vector (Kuno et al., 1998; Gaunt et al., 2001; Gould et al., 2003) . A small group of flaviviruses, specific for mosquitoes, is recognized as a fourth flavivirus group designated "insect flavivirus" Hoshino et al., 2007) , also called, together with Tamana bat virus (TABV), "distantly related virus" (Kuno, 2007) or "non-classified flavivirus (NCFV)" (Gritsun and Gould, 2007) . The flavivirus genome is positive-sense, single-stranded RNA containing tandem genes encoded as a large polyprotein precursor, which is co-or post-translationally cleaved by viral and cellular proteases into three structural proteins (capsid, C; membrane, M; and envelope, E) and seven nonstructural proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b, NS5) that function in replication, proteolysis, and maturation (Lindenbach and Rice, 2003; Mukhopandhyay et al., 2005) . In addition, the open reading frame (ORF) encoding the polypeptide is flanked by untranslated regions (UTRs). Both UTRs have structural features and functional domains that are essential for virus replication, translation and assembly (Charlier et al., 2002; Markoff, 2003; . Viruses in each group have been characterized by the genetic and phylogenetic analyses of their genomes and gene products, which probably reflect the evolutionary adaptation to the host, the vector, and the associated ecology.
In recent years, several insect flaviviruses phylogenetically distant from other flaviviruses have been found in natural populations of mosquitoes, suggesting that they are distributed worldwide and are specifically adapted to mosquitoes. Over 30 years ago, Cell fusing agent (CFA) was isolated from an Aedes aegypti mosquito cell line and had been deemed as tentative species in the genus Flavivirus (Stollar and Thomas, 1975) . CFA is now recognized as the first virus belong to the insect flavivirus group supported by its genomic information (Cammisa-Parks et al., 1992) and recent isolations from natural mosquito population . Recently, Kamiti river virus (KRV) isolated from A. macintoshi in Kenya Crabtree et al., 2003) and Culex flavivirus (CXFV) isolated from Culex mosquitoes in Japan and Indonesia (Hoshino et al., 2007) were classified as new members of this group. New strains of CXFV were also isolated from Culex quinquefasciatus in Guatemala (MoralesBetoulle et al., 2008) , Mexico (Farfan-Ale et al., 2009) , the United States, and Trinidad and Tobago, and C. restuans in the United States (Kim et al., 2009) . Furthermore, Quang Binh virus (QBV) isolated from C. tritaeniorhynchus in Vietnam was added in this group (Crabtree et al., 2009) . Clearly, the insect flavivirus field is developing rapidly and expanding on a worldwide scale.
Insect flaviviruses have been propagated experimentally only in mosquito cells, and are probably transmitted vertically in nature. However, most of the physiological and ecological dynamics of insect flaviviruses, including their maintenance cycles, remain unknown. A recent study provided evidence that a KRV-related transcribed Virology 391 (2009) [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] [129] sequence, called "Cell silent agent (CSA)", is integrated into the genome of A. albopictus (Crochu et al., 2004) , one of the major vectors of flaviviruses (ex. dengue virus (DENV), WNV etc.) and other arthropod-borne viruses (Chikungunya virus etc.). Crochu et al. (2004) supposed that CSA was derived from a kind of insect flavivirus, and the genomic integration occurred by an unknown mechanism. Such a unique insertion of CSA emphasizes the close relationship of an insect flavivirus with its host mosquito. Unfortunately, this may complicate detection of true flaviviral infections in mosquitoes. More information about insect flaviviruses existing in natural mosquito populations is needed to better understand the biological nature of flavivirus-mosquito association.
Arthropod-borne flaviviruses are of increasing interest and concern because of recent emerging infectious diseases, such as West Nile fever in the United States (Mackenzie et al., 2004) , and global warming that may cause dramatic changes in the distribution of both vectors and viruses. Until recently, the only flaviviruses isolated in Japan were two mosquito-borne viruses (Japanese encephalitis virus: JEV and Yokose virus: YOKV), two tick-borne viruses (tick-borne encephalitis virus: TBEV and Negishi virus), and a virus with no known vector (Apoi virus: APOIV) (Kuno et al., 1998; Tajima et al., 2005) . During the nationwide survey of mosquitoes to monitor introduction of exogenous flaviviruses into Japan, we discovered a new insect flavivirus "CXFV" associated with Culex mosquito (Hoshino et al., 2007) . The diversity and distribution of insect flaviviruses in natural mosquito populations is not well understood, and preexisting insect flavivirus infections could complicate surveillance for introduction of exogenous arthropod-borne flaviviruses.
In this study, we isolated new insect flaviviruses from A. albopictus and A. flavopictus collected in Japan. These viruses were almost identical, and we designated the virus Aedes flavivirus (AEFV). We investigated its phenotype and virulence in cell culture. We then determined the complete nucleotide sequence of the AEFV Narita strain genomic RNA isolated from A. albopictus, analyzed the sequence, and used it to study the phylogenetic relationships between AEFV, the insect flaviviruses (CFA, KRV, CXFV), and the flavivirus-like sequence "CSA" based on their coding sequences.
Results

Virus isolation and characterization
Homogenates of Aedes mosquitoes collected at four sites in Japan and one site in Indonesia were used as the initial samples for virus isolation: A total of 698 A. albopictus in 25 pools (150 in 3 pools from Narita, 98 in 5 pools from Mie, 241 in 8 pools from Nagasaki, 209 in 9 pools from Toyama) and a total of 80 A. flavopictus in 4 pools from Narita were processed for virus isolation. The morphology of mosquito C6/36 cell monolayers inoculated with cell culture supernatants after two or more serial passages was observed by phase contrast microscopy. In some pools, moderate cytopathic effects (CPE) were observed from 4 d post-inoculation (Fig. 1) , although CPE was not detected in most C6/36 monolayers inoculated with either the original isolate or an inoculum after the first passage. No CPE was observed in Vero and BHK-21 cells inoculated with any of the samples. C6/36 cells inoculated with a viral stock that had been passaged three times showed only weak cell aggregation in comparison with control cells. Fig. 1B shows one of the most intense cases of CPE, which is much milder than that caused by CXFV (Fig. 1C) or CFA (Fig. 1D) . Consequently, purification and titration of the causative agent by plaque formation assays were unsuccessful on C6/36 cells.
Reverse transcription-polymerase chain reactions (RT-PCR) with universal primer sets designed for two fragments of the flavivirus NS5 gene (FU1 and cFD2, and FU2 and cFD3) (Kuno et al., 1998) were performed on RNAs extracted from the culture supernatants of inoculated cells. Using primers FU1 and cFD2, a weak band was detected at the expected size (260 bp). Using primers FU2 and cFD3, there was a band at approximately 800 bp instead of the expected 890 bp fragment. These PCR products were obtained only with RNA from inoculated mosquito cells (C6/36, AeAl-2, and ATC-10), although there occasionally was no CPE, but no PCR products were obtained with RNA from inoculated vertebrate cells .
We isolated the DNA from the RT-PCR gel bands and determined their sequences (data not shown). We compared the 263-bp sequence amplified with former primer set to the BLAST database and detected high homology to a portion of the NS5 gene of the insect flaviviruses CFA and KRV. However, the 807-bp sequence amplified with the FU2/ cFD3 primer set unexpectedly showed high similarity to a fragment of the NS3 gene of CSA. These results suggested that the virus isolated in this study could be a new member of the insect flavivirus, related to CSA. The virus isolates with almost the same sequence were isolated from A. albopictus (3 pools from Narita, 7 pools from Nagasaki, 5 pools from Mie, and 1 pool from Toyama) and A. flavopictus (2 pools from Narita) in Japan, but none from other mosquito species such as Culex. Therefore, this new insect flavivirus has been designated Aedes flavivirus (AEFV) after the genus of its host species. In addition, an infectious agent isolated from Aedes mosquitoes in Indonesia was found to be a new strain of CFA, not AEFV.
An AEFV isolate from A. albopictus mosquitoes collected at Narita, Chiba Prefecture, Japan, was used to determine the complete viral genome sequence. Two partial sequences of the AEFV genome were used to design one forward primer (AEFV-NS3-FW) and two reverse primers (AEFV-NS3-RV and newNS5-1) (Fig. 2) . The details of all primers used in this study are in Table 1 . Together with another newly designed forward primer in the E gene (newE-1), long RT-PCR was performed to amplify the regions between E and NS3 and between NS3 and NS5. The regions containing the 5′-and 3′-termini were obtained by the rapid amplification of cDNA ends (RACE) protocol using gene specific primers AEFV-E-GSP-1 and AEFV-E-GSP-2 for the 5′-terminus, and AEFV-NS5-GSP-1 and AEFV-NS5-GSP-2 for the 3′-terminus. The complete sequence of the AEFV genome was 11,064 nucleotides in length (GenBank Accession no. AB488408), and contained a 10,023 nucleotide (3341 codons) ORF flanked by a 96 nucleotide 5′ UTR and a 945 nucleotide 3′ UTR.
Analysis of encoded AEFV proteins
The AEFV ORF sequence encoded a 3341 amino acid polyprotein. The cleavage sites for processing the polyprotein were deduced from its amino acid sequence and hydropathy plot by the criteria of Chambers et al. (1990) and Westaway and Blok (1997) . The putative cleavage sites of the AEFV polyprotein and the proposed cleavage sites for the polyproteins of the other known insect flaviviruses are shown in Table 2 . AEFV polyprotein signal-like cleavage sites C-prM, prM-E, E-NS1, NS1-NS2A and NS4A-NS4B, roughly conformed to the rules for cleavage sites in other flaviviruses and were very similar to CSA for E-NS1 and NS1-NS2A, KRV for C-prM, and KRV and CFA for NS4A-NS4B. The furin cleavage site (prM) was roughly similar to those of other flaviviruses, including CFA, KRV, and CXFV. Although, in CFA, C-prM cleavage site was actually determined and the processing of prM to M did not occur or occurred very inefficiently (Cammisa-Parks et al., 1992) , it was difficult to determine the characteristics of these cleavage sites in AEFV polyprotein only by the predicted sequence data. For the most part, the proposed cleavage sites by serine protease NS3 (NS2A-NS2B, NS2B-NS3, NS3-NS4A, and NS4B-NS5) in AEFV polyprotein conformed to cleavage after the dibasic residues in other flaviviruses, but not completely. As for the other cleavage sites, the NS1-NS2A cleavage site was different from the Val-X-Ala (X = Ser, Thr, Gln, Asn or Asp) sequences of most flaviviruses but conformed to the Ala-X-Ala (X = Asn, His or Asp) of CFA, KRV and CSA.
The AEFV polyprotein appeared to be divided into three structural proteins (C, prM and E) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5), based on similarities between the AEFV data and those for other flaviviruses. The amino acid sequences of these AEFV proteins were individually aligned with those of eight other flaviviruses (CXFV, CFA, KRV, JEV, DENV, YOKV, TBEV and APOIV) and the partial CSA sequence for NS1, NS2A, NS2B, and NS3 to calculate percent identities (Table 3 ). The sequence identities of structural proteins prM and E were highest between AEFV and KRV (59.4% for prM and 67.5% for E), comparatively high between AEFV and CXFV or CFA (35.6% or 37.3% for prM and 33.8% or 33.9% for E), and low between AEFV and the other flaviviruses (18.6-24.4% identity), while the sequence identities of C proteins were low between AEFV and the other flaviviruses (19.0-28.9% identity) except for KRV (44.8%). Interestingly, the percentage identities for the nonstructural proteins NS1, NS2A, NS2B, and NS3 were highest between AEFV and CSA (82.0% for NS1, 82.3% for NS2A, 78.3% for NS2B, 87.0% for NS3). Except for CSA, the percentage identities for the nonstructural proteins were high between AEFV and known insect flaviviruses, in the order of KRV N CFA NCXFV. However, the sequence identities between AEFV and CXFV for five nonstructural proteins (NS2A, NS2B, NS4A, and NS4B) were low as in other flaviviruses. The number of amino acids of each AEFV nonstructural protein was in the similar range of those from insect flaviviruses (KRV, CFA, and CXFV) and other flaviviruses. Additionally the percentage identities between AEFV and other five flaviviruses except insect flaviviruses were 32.1-34. respectively, .9%) for the other proteins. Overall, AEFV proteins had sequence features similar to those of flaviviruses and closest to insect flavivirus, especially KRV, in all viral proteins, although NS1, NS2A, NS2B, and NS3 proteins of AEFV were much closer to those of CSA. The pairwise amino acid sequence identities between AEFV and KRV was less than 80% even in the most conserved NS5, so that AEFV was judged to be a distinct species of insect flavivirus. This conclusion meets the criterion used to recognize a new virus as a distinct new species in the genus Flavivirus proposed by Kuno et al. (1998) , although there is still no unified definition of a new insect flavivirus.
Phylogenetic analysis of AEFV
To study the phylogeny of the AEFV NS3 and NS5 protein, amino acid sequences of the NS3 and NS5 proteins of AEFV and other flaviviruses were aligned by the ClustalW program (Higgins et al., 1994) . The alignment data were tested by the bootstrap method and a neighbor-joining (N-J) trees were constructed (Figs. 3A, B) . AEFV clustered with the other flaviviruses except TABV, while hepatitis C virus (HCV, genus Hepacivirus) was distantly related to AEFV and the other flaviviruses in NS5 tree. In both NS3 and NS5 trees, AEFV clearly formed a clade with Aedes mosquito-associated insect flaviviruses KRV and CFA and was separated from the CXFV and QBV branch.
For analysis of phylogenetic relationships within the insect flaviviruses, three gene regions (the nucleotide sequence of whole E gene; the concatenated nucleotide sequence of two regions, serine protease boxes 1-2-3-4 and helicase/NTPase motifs 1A-2-3-4-5, in the NS3 gene; and the nucleotide sequence of the region containing RNAdependent RNA polymerase (RdRp) motifs A-D in the NS5 gene) were used for construction of N-J dendrograms. For the E gene, the five AEFV isolates formed a robust clade with a sub-branch of KRV, separate from a clade formed by two CFAs, including a new Indonesian isolate, and 13 CXFV isolates and a QBV (Fig. 4A) . To analyze NS3 gene Hoshino et al. (2007) . b Cammisa-Parks et al. (1992) . c Crabtree et al. (2003) . d Crochu et al. (2004) . e Chambers et al. (1990) . f Westaway and Blok (1997) . phylogeny, sequence information for the corresponding region in CSA was added to those of the insect flaviviruses. The Aedes viruses formed a large branch, with sub-branches formed by CSA and an AEFV clade and a sub-branch formed by KRV and a CFA clade (Fig. 4B) . The NS5 gene dendrogram was similar to that of NS3 (Fig. 4C) . In all these analyses, the AEFV isolates formed a single clade near KRV.
Structural analysis of 5′ and 3′ UTRs
Conserved sequences have been identified in the flavivirus 3′ UTR (Markoff, 2003) , and similar conserved sequences have been found in insect flavivirus 3′ UTRs Hoshino et al., 2007) . The AEFV 3′ UTR contained a 64 nucleotide, highly conserved, direct repeat motif in nucleotides 10,499-10,562 and 10,637-10,700, designated repeat 2 and repeat 1, respectively. The location of the repeat sequences in the 3′ UTRs of AEFV and the other three insect flaviviruses is shown in Fig. 5A . Each AEFV repeat sequence contained a highly conserved sequence of 25 nucleotides, which had significant homology to those of Aedes-associated insect flaviviruses KRV and CFA (Fig. 5B) . Although the repeated sequences of AEFV, KRV and CFA were similar, there were significant differences in the locations of each repeat in the 3′ UTR. Two additional sequences, weakly similar to the highly conserved sequences, were found in the 3′ UTR between the stop codon and repeat 2. These two sequences were at nucleotides 10,217-10,279 and 10,359-10,422, had b50% identity to repeats 1 and 2, and were designated repeat 4 and repeat 3, respectively (Figs. 5A and C). The region between the most downstream repeat and the 3′-terminus was very highly conserved in KRV and CFA and was similar to the corresponding region in AEFV, while number of nucleotides for CXFV was shorter than the others and partially aligned only in its 3′-proximal sequence (Fig. 5D ). In general, flavivirus RNA has an A at its 5′-terminus and a U at its 3′-terminus. The genome of AEFV in this study had an A at the 5′-terminus, but a C at the 3′-terminus, which is an exception to most flaviviruses but identical to the CFA 3′-terminus. The conserved pentanucleotide (CACAG for the 3′ UTRs of almost all mosquito-borne flaviviruses and CACCG for the 3′ UTRs of CXFV, CFA, and KRV) was present as CACCG in the AEFV 3′ UTR. The secondary structures of the AEFV 5′ and 3′ UTRs were predicted using RNA Structure version 4.11 software (Mathews et al., 2004) . The predicted secondary structure of the AEFV 5′ UTR formed typical structures consisting of a stem with a hairpin loop, some bulge loops, and a side loop containing the initiation codon (data not shown), which is similar to the 5′ UTRs of mosquito-borne and insect flaviviruses. The pentanucleotide sequence was located on a hairpin loop within the conserved stem-loop structure formed by the 3′-terminal 90 nucleotides, as in the other flaviviruses.
Discussion
In this study, we characterized a new virus isolated from Aedes mosquitoes in Japan. The virus had a positive-sense, single-stranded RNA genome organization characteristic of the genus Flavivirus, with a single large ORF encoding a viral polyprotein with putative cleavage sites for processing into three structural proteins and seven nonstructural proteins. In addition, there were 5′ and 3′ UTRs that, like other flaviviruses, form putative stable stem-loop structures and contain specific sequences. Furthermore, genetic characterization and cell tropism results suggested that the virus was an insect flavivirus, rather than an arthropod-borne flavivirus. All five strains were isolated from mosquitoes in the genus Aedes, unlike CXFV which has been isolated only from Culex mosquitoes. This virus, designated Aedes flavivirus (AEFV), was genetically confirmed as a new virus species distinct from both KRV and CFA by application of the criterion for species of members of the genus Flavivirus proposed by Kuno et al. (1998) . Like other insect flaviviruses, AEFV has also been detected in asymptomatic adult males and females, suggesting that it might be transmitted vertically in nature. The study of AEFV could provide important clues toward understanding the ecological and evolutionary dynamics of insect flaviviruses, since the mosquito host A. albopictus has the unique CSA-containing genome (Crochu et al., 2004) and another insect flavivirus associated with Culex mosquitoes (CXFV) shows a similar geographical localization in Japan (Hoshino et al., 2007) .
AEFV is phylogenetically closest to KRV, followed by CFA, as deduced from the amino acid similarities of viral proteins and the putative proteolytic cleavage sites in the viral polyprotein. Interestingly, the AEFV coding regions and the putative NS1-NS2A, NS2A-NS2B and NS2B-NS3 cleavage sites are very similar to the corresponding regions and sites of CSA. Such a close relationship was reflected in the phylogenetic tree topologies. These results suggested that AEFV has the characteristics of Aedes mosquito insect flaviviruses and probably shares a common ancestral origin with CSA. Although the mechanisms by which the CSA was integrated in the genome is not known, CSA integration may be a consequence of co-adaptation between Aedes mosquitoes and ancestral insect flaviviruses, considering finding of additional flavivirus-like sequence in A. aegypti genome (Nene et al., 2007 , GenBank Accession no XP_001658711) which is recognized as a sequence similar to NS1 region of AEFV by a BLAST search. CSA mRNA expression has been detected in C6/36 cells (Crochu et al., 2004) , indicating that CSA transcription and/or translation products may disrupt replication and/or translation of the following infection with another viruses, as reported for homologous interference and RNA interference (Burivong et al., 2004; Pepin et al., 2008; Pacca et al., 2009; Sánchez-Vargas et al., 2009 ). C6/36 cells inoculated with AEFV showed a much milder CPE, sometimes negligible, than with KRV or CFA. There have been similar observations in the A. aegypti "Peleg's line," in which cells were latently infected with the original CFA strain (Stollar and Thomas, 1975) . Therefore, insect flaviviruses or CSA preexisting in mosquito cells may affect infection, replication, and propagation of mosquito-borne flaviviruses both in vivo and in vitro (Farfan-Ale et al., 2009) , and may have already produced selective pressure on virus susceptibilities and/or vector competence of mosquitoes.
During our studies, AEFVs were isolated only from Aedes mosquitoes, while CXFVs were isolated only from Culex mosquitoes, in Japan. Additionally, CFA (data not shown, partial sequences of NS3 and NS5 have been submitted to GenBank under Accession nos. AB488429 and AB488430, respectively) and CXFV were also isolated from Aedes and Culex mosquitoes, respectively, in Indonesia. These facts suggest that each insect flavivirus is strictly maintained in a host genus-specific manner, even in sympatric populations of Aedes and Culex species in these Asian countries. The host specificities of these two viruses are consistent with the phylogenetic relationships deduced from their NS3 and NS5 regions. Interestingly, similar example was found in the phylogeny of the genus Nairovirus (family Bunyaviridae): The genetic relationships among nairoviruses correlated well with tick host associations (Honig et al., 2004) . In contrast, phylogenetic analysis of the E gene sequences showed a close relationship between CFA and CXFV, which may reflect on the evolutionary process of the host range selection in insect flaviviruses. Some mosquito-borne viruses and mosquito-pathogenic viruses are known to be transmitted not only vertically from infected female mosquitoes to their progeny, but also venereally from infected males to females during mating (Thompson and Beaty, 1976 , Barreau et al., 1997 , Higgs and Beaty, 2005 . It is unclear whether insect flaviviruses are also transmitted venereally in natural populations of mosquitoes. However, closely related sympatric species were found to be infected with an identical insect flavivirus, which may imply that veneral transmission occurs via interspecific mating (Nasci et al., 1989) . In any case, further studies are needed to clarify the natural transmission cycle and host range of each insect flavivirus.
Both 5′ and 3′ UTRs form complex RNA structures containing functional domains that are believed to play a role in virus replication, translation and assembly . The conserved sequences in 3′ UTRs that have been putatively related to essential functions in other flaviviruses have also been described in insect flaviviruses Hoshino et al., 2007) . The AEFV 3′ UTR contains two tandem repeats, with significant sequence similarities to the 3′ UTR repeats in CFA and KRV. Thus, in addition to the protein sequence similarities described above, AEFV is closely related to KRV and CFA with respect to its 3′ UTR sequence features. Unlike these insect flaviviruses associated with Aedes mosquitoes, the CXFV 3′ UTR contains four tandem repeats that appear specialized for Culex mosquitoes, because the same repeat patterns are also seen in the 3′ UTRs of other mosquito-borne flaviviruses related to Culex mosquitoes. Therefore, two distinct repeat patterns composed of the conserved sequences in the flaviviral 3′ UTRs could play crucial roles in virus replication and translation, which is highly adapted to cell machinery of each associated mosquito host. speculated that such repeats have been generated by self-duplication. We have presented data showing that AEFV 3′ UTRs have sequences with low, but significant, similarity in addition to the 3′ UTRs conserved repeats. The arrangement of conserved sequences in insect flavivirus 3′UTRs may be the result of frequent self-duplication and accumulation of deletional and mutational changes during evolutionary adaptation of the viruses to host mosquito populations and associated ecology. Approximately 350 nucleotides at the distal end of the 3′ UTRs were highly conserved among AEFV, KRV, and CFA, while the corresponding region in CXFV was shorter, perhaps as a result of extensive deletions during the evolutionary establishment of viral Culex specificity.
Consequently, AEFV was confirmed to be a new flavivirus with the distinct genetic properties, and appeared to have essentially the same replication and translation machineries as those of other flaviviruses. However, sequence comparisons and phylogenetic analysis strongly suggest that AEFV is a unique member of the insect flavivirus specially adapted to Aedes mosquitoes. The insect flaviviruses were often found in major vectors of mosquito-borne flaviviruses worldwide, yet little is known about their own biological characteristics and potential ecological impacts on other viruses and host mosquitoes. Until recently, the low detection efficiency of insect flaviviruses has made further analysis difficult, but in the near future, the accumulation of increasing information and analysis using a reverse genetics techniques on insect flaviviruses will reveal the biological nature of insect flavivirus.
Materials and methods
Mosquito collection
Mosquitoes were captured at four sites in Japan and one site in Indonesia in [2003] [2004] . Sampling locations (north or south latitude, east longitude) were Narita (35.47 N, 140 .20 E), Mie (34.74 N, 136 .52 E), Nagasaki (32.76 N, 129 .86 E), Toyama (36.76 N, 137 .14 E) in Japan, and Surabaya (7.16S, 112.46E) in Indonesia. A modified CDC trap enhanced with 1 kg of dry ice was used for mosquito collection and placed at the collection site either all night or all day (Tsuda et al., 2006) . Additionally, host-seeking mosquitoes attracted to the collectors were also collected in Nagasaki and Surabaya. The mosquitoes collected were sorted according to species with a maximum of 50 adults per pool, and stored at −80°C in 2 ml centrifuge tubes. The mosquito species used in this study were A. albopictus, A. flavopictus, and A. aegypti, with the collection sites noted in Fig. 4 .
Cell cultures
Insect cell line C6/36 derived from A. albopictus (Health Science Research Resources Bank (HSRRB), Osaka, Japan) and two mammalian cell lines, Vero derived from African green monkey kidney (HSRRB) and BHK-21 derived from baby hamster kidney (a gift from Dr. H. Bando, Hokkaido University, Sapporo, Japan), were used for virus isolation. These cell lines were cultured in Eagle's Minimum Essential Medium (MEM, Sigma-Aldrich, St. Louis, MO) with 10% heatinactivated fetal bovine serum (FBS, MP Biomedicals, Costa Mesa, CA), 2% non-essential amino acids (NEAA, Sigma-Aldrich), 100 U penicillin (Gibco BRL, Gaitherburg, MD)/ml, and 100 μg streptomycin (Gibco BRL)/ml, and maintained at 28°C for mosquito cells or 37°C for mammalian cells, in 0.5% CO 2 . Two additional mosquito cell lines, AeAl-2 derived from A. albopictus (a gift from Dr. K. Iwabuchi, Tokyo University of Agriculture and Technology, Tokyo, Japan) and ATC-10 derived from A. aegypti (American Type Culture Collection, Manassas, VA) were also tested for virus propagation. AeAl-2 was cultured in MM medium (Mitsuhashi and Maramorosch, 1964) with 3% FBS and maintained at 25°C according to the method described by Mitsuhashi (1981) . ATC-10 was cultured in MM medium containing 5% glutamine and 20% FBS and maintained at 27°C.
Virus isolation
Pools of mosquitoes in 500 μl ice cold MEM with 2% heatinactivated FBS, 2% NEAA, 200 U penicillin/ml, 200 μg streptomycin/ ml, and 10 μl Fungizone (Gibco BRL)/ml were homogenized using a Mixer Mill (Model MM300, Retsch GmbH, Haan, Germany). The homogenates were clarified by low speed centrifugation (3000 g for 3 min) and the supernatants were passed through sterile 0.45 μm filters (Ultrafree MC, Millipore Corp., Bedford, MA). The filtrates were diluted 10-fold with medium and inoculated onto monolayers of C6/ 36, Vero or BHK-21 cells in 24-well culture plates (Corning Inc., Corning, NY). The plates were incubated for 2 h at constant temperature in 5% CO 2 to allow virus adsorption. Then, after addition of 500 μl fresh medium, the cell cultures were incubated with the same conditions for about 7 d. Cytopathic effects (CPE) were observed by phase contrast microscopy until collection of the supernatants. The culture media collected after at least three blind-passages were used as viral stocks and stored at − 80°C.
Nucleotide sequencing
Viral RNA was extracted from cell culture supernatants using a QIAamp Viral RNA Mini Kit (QIAGEN Inc., Valencia, CA). For the initial detection of viral genomes, reverse transcription-polymerase chain reactions (RT-PCR) were done using TaKaRa One Step RNA PCR Kits (TAKARA BIO, Shiga, Japan) with flavivirus universal primer sets for fragments of the NS5 gene (FU1 and cFD2, FU2 and cFD3; Kuno et al., 1998) . The RT-PCRs were performed according to the manufacturer's instructions. The amplicons were purified by agarose gel electrophoresis, and then extracted from the gels using QIAEX II Gel Extraction Kits (QIAGEN). The purified DNA fragments were sequenced using the ABI PRISM BigDye Terminator Cycle Sequencing Kit version 1.1 (Applied Biosystems, Foster City, CA) and the ABI PRISM 3130 Genetic Analyzer (Applied Biosystems). The sequences were used to design new primers for further PCR amplification. For determination of the complete AEFV genome sequence, first-strand cDNA was generated from RNA extracted from a viral stock after four passages using the SuperScript III Reverse Transcription System (Invitrogen Corp.). Long PCR was performed to obtain a large portion of the genome, from the envelope (E) to NS5 genes, using a KOD Plus-Ver.2 (TOYOBO). The amplicons were purified and directly sequenced as described above. Several primers then were designed from the sequences that had been determined and used for further sequencing. This operation was repeated, until the sequence from the E to NS5 genes was determined. Using specific primers for the E and NS5 regions, the rapid amplification of cDNA ends (RACE) technique was performed for amplification of the genome 5′ and 3′ termini using a GeneRacer Kit (Invitrogen Corp.). The RACE products were directly sequenced as described above and, together with the previous results, used to construct the complete AEFV genome sequence. All primers used are shown in Table 1 .
For phylogenetic analysis of the insect flaviviruses, newly designed specific primer sets (AEFV-E-FW and AEFV-E-RV for gene E; AEFV-NS3-RV, AEFV-NS3-FW, newNS3-1, and newNS3-2 for gene NS3; and CXFV-NS5-FW and CXFV-NS5-RV for gene NS5) were used to amplify each region. Schematic representations of the positions and polarities of the primers used are shown in Fig. 2 . Amplification of cDNA fragments derived from each virus strain was performed by the method described above. Partial NS5 regions containing RdRp motifs (A, B, C, and D) were amplified from the five AEFV strains (Narita, Toyama, Mie, and Nagasaki strains from A. albopictus, and Narita strain from A. flavopictus), nine CXFV isolates (Shinjuku, Narita, Hokkaido, Morioka, Toyama, Osaka, and Mie strains from C. pipiens; Mie strain from C. tritaeniorhynchus; and Surabaya strain from C. quinquefasciatus), and CFA (Surabaya strain). Fragments containing the whole E gene were amplified from the five AEFV strains using primers AEFV-E-FW and AEFV-E-RV and from Surabaya strain of CFA using primers CXFV-E-1 (Hoshino et al., 2007) and AEFV-E-RV. The region containing NS3 serine protease boxes (1, 2, 3, and 4) and the region containing NS3 helicase/NTPase motifs (IA, II, III, and IV) were amplified with primers newE-1 and AEFV-NS3-RV or newNS3-1, and primers newNS3-2 and newNS5-1, respectively. RT-PCR was performed on the five AEFV strains, two CXFV strains (Shinjuku and Surabaya strains), and a CFA strain (Surabaya strain). All amplicons were purified and directly sequenced as described above, and the resulting sequence data were analyzed by GENETYX software (Genetyx Corp., Tokyo, Japan).
Genetic characterization
The complete nucleotide sequence of the AEFV genome was analyzed to determine the open reading frame (ORF) and this was translated into amino acid sequences using GENETYX software. The deduced amino acid sequences were used to determine putative cleavage sites in the polyprotein sequence. The cleavage sites were deduced by hydropathy profiles (Kyte and Doolittle parameter) and compared to the cleavage sites of other flaviviruses (Chambers et al., 1990; Westaway and Blok, 1997) . The amino acid sequence of each AEFV protein was compared with those of eight flaviviruses: CXFV (GenBank Accession no. AB262759); CFA (GenBank Accession no. M91671); KRV (GenBank Accession no. NC005064); QBV (GenBank Accession no. FJ644291); Japanese encephalitis virus (JEV; GenBank Accession no. EF571853); Yokose virus (YOKV; GenBank Accession no. AB114858); Tick-borne encephalitis virus (TBEV; GenBank Accession no. AB062063); dengue type 2 virus (DEN2V; GenBank Accession no. NC001474); and Apoi virus (APOIV; GenBank Accession no. AF160193). The similarities between AEFV and other flavivirus proteins were analyzed by the maximum matching method with GENETYX software. Amino acid sequences of the E and NS5 proteins of AEFV, the other flaviviruses listed above, Tamana bat virus (TABV; GenBank Accession no. AF285080) and Hepatitis C virus (HCV; GenBank Accession no. O91936) were aligned using the ClustalW method and analyzed by the MEGA program ver. 3.1 (Kumar et al., 2004) . The phylogenetic dendrogram for each alignment was determined using the neighbor-joining method.
In order to analyze the phylogenetic relationships among insect flaviviruses, we used their nucleotide sequences encoding the E, NS3, and NS5 genes. For phylogentic analysis of E genes, we used the entire E gene sequences of nine CXFV strains described in our previous study (strain name and GenBank Accession no. as follows: Shinjuku, AB262759; Narita, AB262760; Toyama, AB262761; Hokkaido, AB262762; Osaka, AB262763; Mie, AB262764; Morioka, AB262765; Surabaya, AB262766; Mie from C. tritaeniorhynchus, AB262767), two recently reported strains (Izabal, EU805805; TR3115, FJ503003), the five AEFV strains and the CFA strain from Indonesia (Surabaya). For phylogentic analysis of NS3 genes, two conserved elements in NS3, a region from the N-terminal amino acid to serine protease box 4 and a region from helicase/NTPase motif I to V described by de Lamballerie et al. (2002) (nucleotides 4448-4941 and 5086-5667 in AEFV) were selected and concatenated. In addition, the corresponding region for NS3 in CSA (GenBank Accession no. AY411835) was used. For phylogenetic analysis of NS5 genes, we used the regions including RdRp motifs A-D described by Poch et al. (1989) (nucleotides 8917-9836 in AEFV) of five AEFV strains, nine CXFV strains from Japan and Indonesia, and a CFA strain from Indonesia. The corresponding region of CXFV-Mex07 described by others was added to the analysis. Furthermore, for analyses of all three regions, the corresponding sequence data for the original CFA strain (GenBank Accession no. M91671), KRV strain SR-82 (GenBank Accession no. NC005064), CXFV strain Mex07 (GenBank Accession no. EU879060), CXFV strain TX24516 (GenBank Accession no. NC005064) and QBV (GenBank Accession no. FJ644291) were added. The nucleotide sequences were aligned and phylogenetic relationships were determined for each region as described above.
Analyses of the 3′ UTRs focused on the repeated conserved sequences among insect flaviviruses Hoshino et al., 2007) and the 3′-proximal regions including pentanucleotide sequences commonly found in all flaviviruses. The pattern of two conserved sequences in AEFV 3′ UTRs was compared with those of other insect flaviviruses and represented schematically. The highly conserved sequences within AEFV were aligned with those of other insect flaviviruses. The 3′-terminal sequences downstream of the 3′-proximal conserved sequence in insect flaviviruses were also aligned and compared.
Nucleotide sequence accession numbers
The nucleotide sequences of AEFV reported in this paper have been submitted to the DDBJ, EMBL and GenBank data banks under Accession nos. AB488408 (complete genome, Narita strain), AB488409 (E gene, A. flavopictus Narita strain), AB488413 (E gene, Mie strain), AB488417 (E gene, Nagasaki strain), AB488421 (E gene, Toyama strain), AB488410, AB488411 (partial sequences of NS3 gene, A. flavopictus Narita strain), AB488414, AB488415 (partial sequences of NS3 gene, Mie strain), AB488418, AB488419 (partial sequences of NS3 gene, Nagasaki strain), AB488422, AB488423 (partial sequences of NS3 gene, Toyama strain), AB488412 (partial sequence of the NS5 gene, A. flavopictus Narita strain), AB488416 (partial sequence of NS5 gene, Mie strain), AB488420 (partial sequence of NS5 gene, Nagasaki strain), and AB488424 (partial sequence of NS5 gene, Toyama strain). Partial sequence data of a newly isolated CFA strain in Indonesia (Surabaya strain) have been submitted to the public databases under Accession nos. AB488425 (E gene), AB488426, AB488427 (partial sequence of NS3 gene), and AB488428 (partial sequence of NS5 gene). In addition, partial sequence data for eight CXFV isolates have also been deposited in public databases under Accession nos. AB488434 (partial sequence of NS5 gene, Narita strain), AB488435 (partial sequence of NS5 gene, Hokkaido strain), AB488436 (partial sequence of NS5 gene, Morioka strain), AB488437 (partial sequence of NS5 gene, Toyama strain), AB488438 (partial sequence of NS5 gene, Osaka strain), AB488439 (partial sequence of NS5 gene, Mie strain), AB488440 (partial sequence of NS5 gene, C. tritaeniorhynchus Mie strain), AB488431, AB488432 (partial sequences of NS3 gene, C. quinquefasciatus Surabaya strain), and AB488433 (partial sequence of NS5 gene, C. quinquefasciatus Surabaya strain).
